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The study described here tested the hypothesis that early intra-articular inﬂammation is associated with
the development of post-traumatic osteoarthritis (PTOA) in a sheep model. We extended previously
published work in which we investigated joint gross morphology and synovial mRNA expression of
inﬂammatory and catabolic molecules 2 weeks after anatomic Anterior cruciate ligament (ACL) autograft
reconstructive surgery (ACL-R). The same variables have been analyzed at 20 weeks post surgery
together with new experimental variables at both time points. Animals were sacriﬁced at 20 weeks post
ACL-R surgery and their joints graded for signs of PTOA. Synovial samples were harvested for histological
grading plus mRNA and protein analysis for a panel of inﬂammatory and catabolic molecules. The mRNA
expression levels for this panel plus connective tissue matrix turnover molecules were also investigated
in cartilage samples. Results of gross morphological assessments at 20 weeks post surgery showed some
changes consistent with early OA, but indicated little progression of damage from the 2 week time point.
While signiﬁcant alterations in mRNA levels for synovial inﬂammatory and catabolic molecules were
detected at 2 weeks, values had normalized by 20 weeks. Similarly, all mRNA expression levels for in-
ﬂammatory and catabolic molecules in articular cartilage had returned to normal levels by 20 weeks post
ACL-R surgery. We conclude that synovial inﬂammatory processes are initiated very early after ACL-R
surgery and may instigate events that lead to the gross cartilage and joint abnormalities observed as
early as 2 weeks. However, the absence of sustained inﬂammation and joint instability may prevent OA
progression.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Anterior cruciate ligament (ACL) injuries are prevalent with as
many as 200,000 estimated ACL reconstructions occurring in the
United States annually1. ACL reconstructive surgery is the gold
standard for treating physically active patientswith ACL instability2.
However, despite the success of surgery in restoring functional
stability in most people treated, a large proportion of ACL injured
patients have been shown to progress to post-traumatic osteoar-
thritis (PTOA)3,4. The reasons for this incidence of OA remain
controversial but mechanisms have been speculated to include
some combination of damage at the time of injury5, on-going.B. Frank, McCaig Institute for
ity of Calgary, 3330 Hospital
03-220-6881; Fax: 403-283-
s Research Society International. Pmechanical imperfection6, post-traumatic biological changes in
the joint including immune reactions to a persisting hemarthrosis7,
or persistent secondary inﬂammation of synovium8,9. As noted by
Lohmander et al., these pathological mechanisms after a joint injury
may be enhanced or prolonged by the surgical trauma associated
with the ACL reconstructive procedure10. For this reason, the con-
sequences of ACL reconstruction need to be investigated as a po-
tential contributor to PTOA development.
While synovitis is known to be a driving force for joint damage
in Rheumatoid Arthritis (RA), it has also been linked to the devel-
opment and progression of OA9,11,12. Trauma has been shown to
initiate a strong inﬂammatory response in synovium through the
presence of damage-associated molecules produced by necrosing
cells13,14.
The processes of PTOA development have been widely studied
in animal models. Ovine models are accepted for the investigation
of PTOA mechanisms15,16. However, as stated by Schinhan et al.15
many of these models focus on joint destabilization (ACL/MCLublished by Elsevier Ltd. All rights reserved.
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reconstructed patients who have relatively stable joints, there is a
need to study the biological mechanisms at play in the absence of
biomechanical abnormalities. To do so, we have previously created
and characterized an ovine model17 in which we use the animal’s
own native ACL as an ideal graft material. By investigating the
functionally stable knees of such ACL autograft reconstructed (ACL-
R) animals, the focus can be placed on the biological responses. In
our previous study of this model we found that mRNA expression
levels for select interleukins (ILs) and matrix metalloproteinases
(MMPs) within the synovium were up-regulated and associated
(P < 0.001, R2 ¼ 0.70) with OA-like gross morphological changes at
2 weeks post ACL-R17.
Based on these ﬁndings, we hypothesized that the inﬂammation
resulting from the ACL-R surgery itself may be initiating a degra-
dative cascade of events responsible for the development of early
post-traumatic OA, and that persisting synovial inﬂammation at 20
weeks may provoke progressive OA-like changes after ACL-R. To
test this hypothesis, our ﬁrst experiment17 was repeated, but
analyzed at a later time point (20 weeks) with new outcome vari-
ables added and investigated at both the 2 and 20 week time
points: mRNA analysis of cartilage sample locations, plus histo-
logical evaluation of synovium for signs of inﬂammation and
quantiﬁcation of one inﬂammatory and one catabolic protein in
synovium. To verify previous ﬁndings, samples of synovium
retained from previously published 2 week animals17 were rean-
alyzed for mRNA expression for IL-1b andMMP 13 at the same time
as our 20 week samples.
Materials and methods
ACL autograft surgery (ACL-R)
All animal surgery and post-operative care procedures followed
protocols approved by the University of Calgary Health Sciences
Animal Care Committee and complied with the guidelines of the
Canadian Council on Animal Care. ACL-R surgeries were conducted
as described previously17 but now studied at 20weeks post surgery.
Brieﬂy, once under general anaesthesia the right stiﬂe joint was
opened and the patella was dislocated medially to expose the ACL.
The ACLwas released from its femoral insertion using a hollow bore
coring device that was ﬁtted over a guide pin to direct the coring bit
through the lateral epicondyle to the femoral insertion of the ACL.
Once released, the bone core, with attached femoral insertion of the
ACL, was immediately ﬁxed back in place using two crossed
Kirschner wires (Zimmer, Inc., Warsaw, IN) and the joint was closed
using a standard closure. For surgical sham control group the same
surgical approach was followed however, after the patella was
dislocated and the ACL visualized the joint was closed. For this
analysis, 22 skeletally mature (3e4 year old) female Suffolk-cross
sheep were allocated into three groups: ACL-R surgical group
(n ¼ 7), surgical sham control group (n ¼ 7) and non-operated
control group (n ¼ 8). A group of eight non-operated normal con-
trol animals were agematched and housed for the same duration of
time (20 weeks) as the experimental subjects.
Gross morphological assessment
At sacriﬁce, each stiﬂe joint, treated (right) and contralateral
(left), was graded by the same expert observer at both the 2 and 20
week time points using validated protocols to quantify cartilage,
osteophyte, and meniscal changes. As previously described by
Heard et al.17, articular cartilage was graded using the modiﬁed
Drez18 scoring protocol on a scale from 0 to 5 with 0 being normal
and 5 representing large areas of exposed bone. Osteophyteformation was quantiﬁed using the modiﬁed Grood19 protocol on
the margins of the same cartilage locations on a scale from 0 to 5
with 0 being normal (without osteophytes) and grades 1e5 rep-
resenting osteophytes that are increasing in height and length.
Meniscus scoring used the modiﬁed Hellio La Graverand protocol
adapted fromAdams20 with a scale ranging from 0 to 5with 0 being
normal and 5 representing a degenerative tear. These scoring
protocols were combined to produce an overall joint score.
Tissue harvest
Two synovial tissue samples were harvested from the proximal
patello femoral location (PT-FG). The ﬁrst sample (for investigating
mRNA and protein expression levels) was directly placed in a 1 ml
cryotube, snap frozen in liquid nitrogen, and stored at 80C. The
second sample (for histological investigation) was submersed in
Tissue-Tek OCT compound (Sakura Finetek USA), frozen in a
container of isopentane surrounded by dry ice, and stored at80C.
Cartilage samples were taken from eight locations within each joint
as follows: 1 and 2) lateral femoral condyle (LFC) from anterior
(LFC-A) and posterior (LFC-P) locations, 3 and 4) medial femoral
condyle (MFC) from anterior (MFC-A) and posterior (MFC-P) loca-
tions, 5 and 6) lateral tibial plateau (LTP) from anterior (LTP-A) and
posterior (LTP-P) locations and ﬁnally, 7 and 8)medial tibial plateau
(MTP) from anterior (MTP-A) and posterior (MTP-P) locations.
Cartilage samples were directly placed in a 1 ml cryotube, snap
frozen in liquid nitrogen, and stored at 80C.
Synovium histology
Samples were sectioned on a cryostat (8 mm thickness) and
mounted on Fischerbrand Superfrost microscope slides, two sec-
tions per slide. Slides were stained with haematoxylin and eosin
(H&E) using a standard protocol. Five images were taken (at 20
magniﬁcation) of each set of sections to represent the synovium
from the right and left hind limbs of each animal. The images were
then blinded and graded by two observers separately using the
inﬂammatory grading protocol published by Smith et al., in 200821.
Brieﬂy, each sample was graded for intimal hyperplasia, lympho/
plasmocytic inﬁltration, subintimal ﬁbrosis, and vascularity. Each
criterionwas scored on a scale of 0e3, with 3 being theworst (most
inﬂamed). To represent each sample, an average score for each
criterion was created by averaging the respective scores of each of
the ﬁve images per sample. Treatment group comparisons were
made using each average criterion score individually, and by
summing average criterion scores to create a total inﬂammation
score per sample.
RNA isolation and RT-PCR
The synovium and cartilage samples were examined for mRNA
levels for IL1-b, IL-6, MMP 1, 3, and 13. Versican (VCAN), aggrecan
(AGG) and collagen II (COL II) mRNA expression levels were also
examined in cartilage samples. This was accomplished using real-
time reverse transcriptase polymerase chain reaction (qPCR) on
RNA extracted from tissues of animals sacriﬁced at 2 and 20 weeks
post surgery, as well as normal and 20week sham surgical controls.
Using methodology previously described22, qPCR was performed
separately on animals from each time point, and re-evaluated for
IL1-b and MMP 13 using all animals from both time points simul-
taneously. Brieﬂy, a Qiagen RNeasy kit (Qiagen Sciences, German-
town MD, USA) was used to extract total RNA from the synovium
and cartilage. Total RNAwas then treatedwith DNAse-I according to
the manufacturer’s instructions and quantiﬁed. Qiagen Omniscript
RT kit (Qiagen Sciences, Gemantown MD, USA) was used to reverse
Fig. 1. Gross morphological grading of 2 and 20 week animals. Both 2 and 20 week
joints had signiﬁcantly greater scores in their surgical joints than their respective
contralaterals. (A) Paired comparison of right (surgical) and left (contralateral) joints
(Wilcoxon matched pairs signed rank test, * ¼ P  0.05, ** ¼ P  0.01). (B) Treatment
group comparison of adjusted values (surgical joint score e contralateral joint score)
(mean  standard deviation) (Kruskal Wallis test with Dunn’s multiple comparisons
test), bar þ (* ¼ P  0.05, ** ¼ P  0.01, *** ¼ P  0.001). 2 and 20 week ACL-R adjusted
values were signiﬁcantly greater than those of the normal group, with 20 week ACL-R
also being signiﬁcantly greater than 20 week sham.
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Primers were created and validated from the target mRNAs previ-
ously mentioned (summarized in Table I) for use in real-time RT-
PCR. BIO-RAD iQ SYBR Green Supermix (12.5 ml) (BIO-RAD, Hercu-
les, CA), molecular biology grade water (3.5 ml), as well as forward
and reverse primer (0.75 ml each) formed the PCR reaction mixture,
using 7.5 ml RT for each reaction. iCycler Thermal Cycler (BIO-RAD)
was used during ampliﬁcation and detection, validated through
inspection of the melting curve (dF/dT vs temperature) for non-
speciﬁc peaks. Levels of gene expression were normalized to 18S
ribosomal mRNA. iCycler iQ Optical System Software version 3.0a
(BIO-RAD) was used to quantify results via the delta delta Ct
method.
Protein extraction and quantiﬁcation
Protein was isolated from the synovial samples from the 2
week ACL-R (n ¼ 5) and 20 week ACL-R (n ¼ 5) animals. The
protein pellet was obtained during RNA extraction following the
manufacturers instruction (Qiagen Inc.) and re-suspended in Tis-
sue Protein Extraction Reagent (T-PER; Pierce, Rockford, IL, USA)
and ethylenediaminetetraacetic acid-free halt protease inhibitor
cocktail (Pierce). The protein was separated using NuPAGE 4e12%
Bis-Tris gel in 1X MES SDS running buffer at 110 V for 1.5 h. Pro-
teins separated on the gel were transferred to a polyvinylidene
ﬂuoride membrane at 20 V for 1.5 h. Membranes were incubated
with antibodies directed against IL-1b (sc-7884 Santa Cruz
Biotechnology, Inc. Santa Cruz, California 95060, USA) and MMP 13
(AB6013 Millipore. Temecula. CA92590 USA). Protein expression
was normalized to GAPDH (CB1001; CalBioChem:Anti GapDH
mouse monoclonal) levels in the same samples. Bands were
quantiﬁed using a Gel Doc EZ System (Bio-Rad Laboratories
(Canada) Ltd).
Statistical analysis
All analyses were performed using Prism 5 for Mac OS X v5.0d
(GraphPad Software, San Diego California USA). Gross morpholog-
ical and mRNA data within-group paired analyses (surgical joint vs
contralateral joint) were conducted using theWilcoxon signed rank
test for paired data (signiﬁcance accepted at P  0.05). Between-
group comparisons were conducted using adjusted values (surgi-
cal joint value e contralateral joint value) for gross morphologicalTable I
Primer sequences for select genes used in RT-PCR
Gene Primer Sequence Gene Bank
Accession No.
18s F 50-TGG TCG CTC GCT CCT CTC C-30 X 03,205
R 50-CGC CTG CTG CCT TCC TTG G-30
IL-1b F 50-CGA ACA TGT CTT CCG TGA TG-30 NM 001009465
R 50-TCT CTG TCC TGG AGT TTG CAT-30
IL-6 F 50-ACA GCA AGG AGA CAC TGG CA-30 NM 001009392
R 50-GCC GCA GCT ACT TCA TCC GA-30
MMP-1 F 50-GGT ATC GGA GGA GAC GCT CA-30 AF 267156
R 50-GTG CGC ATG TAG AAC CGG TC-30
MMP-3 F 50-TTA GAG AAC ATG GGG ACT TTT TG-30 AF 267
R 50-CGG GTT CGG GAG GCA CAG-30
MMP-13 F 50-GGT GAC AGG CAG ACT TGA TGA TAA C-30 AY 091604
R 50-ATT TGG TCC AGG AGG GAAAGC G-30
Coll II F 50-GAG CAG CAA GAG CAA GGA CAA G-30 X 02,420
R 50-GTA GGT GAT GTT CTG AGA GCC CTC-30
AGG F 50-TCA CCA TCC CCT GCT ACT TCA TC-30 U 76,615
R 50-TCT CCT TGG AAA TGC GGC TC-30
VCAN F 50-CAT CTC ACC AGT ATC CTG TCT CAC G-30 NM 181035
R 50-AGT GTG CTG CCA TCA GTC CAA C-30data and histological data using the KruskaleWallis test and Dunn’s
post-test for multiple comparisons (signiﬁcance accepted at
P  0.05). To facilitate between-group comparisons, it is essential
that mRNA expression data is generated under the same experi-
mental conditions23. For this reason, only synovial mRNA expres-
sion levels for IL-1b and MMP 13 for 2 week ACL-R and 20 week
ACL-R adjusted values (surgical joint value e contralateral joint
value) were compared directly using the ManneWhitney test
(signiﬁcance accepted at P  0.05). Gross morphological grades for
previously published 2 week animals17 were reused and tissue
samples that had been stored from these animals were investigated
for histology, mRNA expression levels and protein. Subtracting the
left joint values from the right joint values may remove the ‘base-
line’ (gross change, histological inﬂammation, and mRNA expres-
sion) for that animal, leaving the difference as a potential
quantiﬁcation of the amount of change that could be contributed to
the surgical procedure. This is also done for sham and normal joints
in the hope that by potentially removing the ‘individuality’ from the
data, these data may be better suited for treatment group
comparisons.
Treatment group comparisons were also made using just the
right limbs of each animal using KruskaleWallis test and Dunn’s
post-test for multiple comparisons (signiﬁcance accepted at
P  0.05). These results have been presented in Supplementary
Table I.
Results
Gross morphological assessment
By 20 weeks post ACL-R surgery the femoral insertion of the ACL
that had been cored had healed and appeared to be anatomically
placed. Gross morphological scores of individual 20 week ACL-R
animals revealed that surgical limb values were signiﬁcantly
elevated in a paired comparison of surgical (right) and contralateral
(left) joints, similar to the previously published 2 week ACL-R
data17 [Fig. 1(A)]. Conversely, statistical differences were not
found in paired comparisons of surgical vs contralateral joints in
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not shown). Adjusted treatment group comparisons showed that
both 2 and 20 week ACL-R joints had signiﬁcantly elevated gross
morphological scores when compared to 20 week normal joints
[Fig. 1(B)]. 20 week ACL-R joints were also signiﬁcantly elevated in
comparison with 20 week sham joints [Fig. 1(B)]. While the mean
value at 20 weeks was slightly higher than quantiﬁed at 2 weeks
[Fig. 1(B)], statistical comparison of 2 and 20 week scores indicated
that no signiﬁcant progression of PTOA-like changes had occurred
(P¼ 0.25). However, given the variability between animals, a power
analysis suggested that we had only a 32% chance to detect a dif-
ference. Gross morphological grade was predominantly comprised
of early osteophyte formation and cartilage damage. Meniscal
damage was not detected at the 20 week time point.Histological evaluation of synovial inﬂammation
Histological inﬂammation was variable between individual
subjects. The overall trend as demonstrated in [Fig. 2(A)] suggests
that at early time point of 2 weeks after ACL-R surgery, the syno-
vium may be inﬂamed and returned to near normal levels by 20
weeks. However, the inﬂammation in the synovium at 2 weeks can
still be considered relatively low on this scale. Breakdown of the
contributions of each inﬂammatory criterion suggested that sub-
intimal ﬁbrosis had some potential to be an inﬂuential grading
criterion in the differentiation of the 2 week ACL-R group from the
other groups [Fig. 2(B)].RNA isolation
A standard amount of cDNA was used for all PCR assessments.
We found that 18S levels did not change much in the different
groups and gave consistent C(t) values of 6e8.5 for all groups.
However, the total RNA yields did vary (2 week data: experimental
leg- 173.6  52 mg; contralateral leg- 18.5  7.2 mg. 20 week data:
experimental leg e 19.6  15.0 mg; contralateral leg- 10.7  7.5 mg).
As we have previously reported that total RNA values parallel total
DNA content24, these increases at 2 weeks likely reﬂect both acti-
vation state and increased cellularity. The experimental values at 20
weeks appear to be consistent with a “return” to a more quiescent
state in the synovium, along with a decline in expression of the
proinﬂammatory/catabolic cytokines.Fig. 2. Histological grading of synovial inﬂammation. All data are represented as adjusted
combined (all four criteria) histology score (mean  standard deviation). Although variable
statistical differences (P > 0.05). (B) Breakdown of the contributions of each inﬂammato
SIF ¼ subintimal ﬁbrosis, and V ¼ vascularity. (Tukey’s box and whiskers plot e dots are oMolecular response in synovium
As shown in Fig. 3, the mRNA expression levels for IL-1b and
MMP 13 were statistically signiﬁcantly up-regulated in adjusted 2
week ACL-R samples when compared to adjusted 20 week ACL-R
samples. Furthermore, the previously reported up-regulation in
the synovium of the operated limb for mRNA expression of IL-1b
and MMP 13 in a paired comparison of the operated limbs to their
respective contralateral limbs was reproduced. However, there was
no statistically signiﬁcant up-regulation of IL-1b mRNA expression
within the 20 week ACL-R synovium when the following compar-
isons were made: paired comparison of right (treated) vs left
(contralateral) (data not shown), adjusted values (right e left) in
comparison to adjusted normal and sham values (data not shown).
The 2 week ACL-R adjusted mRNA expression levels for MMP 13
were signiﬁcantly up-regulated compared to sham and normal
samples (Table II). However, the overall transcription levels for
MMP 13 was lower at 20 weeks compared to its levels at 2 weeks
(Supplement Table I). Moreover, when mRNA expression for MMP
13 was compared only between the right operated limbs to the
right limb of the non-operated control or sham sheep, the MMP 13
mRNA levels were statistically signiﬁcantly up-regulated in the
former at 20 weeks (Supplemental Table I). There were no statis-
tically signiﬁcant differences in adjusted mRNA expression levels
for IL-1b or MMP 13 between 20 week ACL-R, sham, or normal
treatment groups (data not shown).
Assessment of protein levels for IL-1b indicated there was a
weak trend for synovial IL-1b protein expression to be up-regulated
within surgical joints at 2 weeks post ACL-R surgery compared to
those at 20 weeks post ACL-R surgery (2 tailed t-test: P ¼ 0.5)
[Fig. 3(B)]. Also, synovial MMP 13 protein levels appear to be
similarly expressed in surgical joints of both 2 and 20 week ACL-R
animals [Fig. 3(B)].
Molecular response in cartilage
Paired comparisons of mRNA expression levels in multiple
femoryl and tibial locations of cartilage of 2 week ACL-R surgical vs
respective contralateral samples are summarized in Table II. Carti-
lage mRNA expression levels for the inﬂammatory cytokines IL-1b
and IL-6, catabolic molecules MMP 1, 3, and 13, and anabolic mol-
ecules VCAN, AGG, and COL II were not signiﬁcantly elevated in a
paired comparison between surgical (right) and contralateral (left)scores (surgical joint e contralateral joint values). (A) Treatment group comparison of
, a trend suggests that inﬂammation is greater within the 2 week ACL-R animals. No
ry criterion scored. IH ¼ intimal hyperplasia, LI ¼ lympho/plasmo-cytic inﬁltration,
utliers) No statistical differences (P > 0.05).
Fig. 3. (A) Synovial mRNA expression. Synovial tissue samples from the 2 week time point were reexamined alongside samples from the 20 week time point. The mRNA expression
levels for IL-1b and MMP 13 were signiﬁcantly elevated in paired comparisons between 2 week ACL-R surgical and contralateral values (left side of each graph) (Wilcoxon matched
pairs signed rank test, ** ¼ P  0.01). Adjusted (surgical joint e contralateral joint values) mRNA expression levels for IL-1b and MMP 13 were signiﬁcantly elevated in 2 week ACL-R
when compared to 20 week ACL-R (right side of each graph: Tukey’s box and whiskers plot e dots are outliers) (Kruskal Wallis test with Dunn’s multiple comparisons test,
bar ¼ P  0.05). (B) Summary of synovial protein expression (western blot with band normalized to GAPDH) (mean  standard deviation). IL-1b appears to be present in the highest
concentration in 2 week ACL-R samples. MMP 13 appears to be present in both 2 and 20 week ACL-R surgical joint samples.
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shown), a ﬁnding opposite to the results at 2 weeks post ACL-R
surgery (Table II). At 2 weeks, mRNA expression levels for inﬂam-
matory cytokines IL-1b and IL-6, catabolic molecules MMP 1, 3, and
13, and anabolic molecules VCAN, AGG, and COL II were allTable II
2 week ACL-R (n ¼ 9) mRNA Data (P-values for Paired Comparison: Right Limb vs Left Li
Tissue Location Inﬂammatory Catabolic
IL-1b IL-6 MMP 1
Synovium P-FG 0.0078[,x 0.0039[,x 0.0039[,x
LFC-A 0.0039[ 0.0039[ 0.0039[
LFC-P 0.0977 0.4258 0.3008
MFC-A 0.0117Y 0.0195Y 0.0195Y
MFC-P 0.1641 0.8203 0.9102
Cartilage LTP-A 0.0977 0.0547 0.2500
LTP-P 0.2500 0.0078[ 0.5469
MTP-A 0.0039[ 0.0039[ 0.0039[
MTP-P 0.5703 0.8203 0.7344
N/A ¼ Not investigated. Bold text is used to highlight P values that are <0.05.
x ¼ previously reported data17.
[ ¼ Treated signiﬁcantly up-regulated.
Y ¼ Treated signiﬁcantly down-regulated.
P-FG ¼ Patello femoral groove (proximal).
A ¼ Anterior.
P ¼ Posterior.signiﬁcantly elevated compared to contralateral values in different
location within the femoryl and tibial cartilage tissues (Table II).
No statistically signiﬁcant differences were found in all paired
comparisons conducted within normal or 2 week sham animals for
all genes investigated and similarly, statistically signiﬁcantmb)
Anabolic
MMP 3 MMP 13 VCAN AGG COL II
0.0039[,x 0.0039[,x N/A N/A N/A
0.0742 0.1641 0.0078[ 0.2500 0.0078[
0.0391[ 0.0078[ 0.0039[ 0.0078[ 0.0742
0.1289 0.4961 0.8203 0.0078Y 0.0195Y
0.4258 0.0273[ 0.1289 0.4258 0.5703
0.7344 0.5703 0.9102 0.8203 0.9102
0.0039[ 0.0117[ 0.0117[ 0.1641 0.6523
0.3008 0.9102 0.0039[ 0.0039[ 0.0039[
0.4258 0.8203 0.0391[ 0.2031 0.2031
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(data not shown).
Discussion
This study was designed to address the question of whether an
idealized ACL repair operation would lead to joint damage and
induction of a progressive OA-like condition. First, the results
indicate that joint damage as assessed using gross morphological
mean scores did not progress signiﬁcantly from 2 weeks to 20
weeks post ACL-R surgery on average although distinct variability
was noted between individual animals. Second, the expression of
inﬂammatory and catabolic molecules in the synovium decreased
from signiﬁcantly elevated levels at 2 weeks back to normal levels
by 20 weeks post ACL-R surgery. Thirdly, changes in expression
levels for inﬂammatory and catabolic molecules following ACL-R
surgery at 2 weeks were not restricted only to the synovium but
were also detected in cartilage samples. Fourthly, no evidence for
repair of the tissue damage during the 18 week interval was ob-
tained by assessment of gross morphologic scores at the 20 week
time point.
An early inﬂammatory/procatabolic period, quantiﬁed at 2
weeks post ACL-R surgery, could be responsible for, or at least
related to, the early PTOA changes quantiﬁed in this model.
Grossly, 20 week ACL-R joints were similar to those of 2 week ACL-
R surgical joints suggesting that damage is not obviously pro-
gressive between the 2 and 20 week time points. Furthermore,
gross morphological grading of 20 week ACL-R surgical joints has
shown that they are signiﬁcantly more damaged than 20 week
sham joints, indicating that arthrotomy alone is not responsible
for the damage reported. Osteophyte formation was observed in
the surgical joints of animals at 2 and 20 week time points.
Normal, sham, and all contralateral joints were free of osteophyte
formation.
The mRNA expression levels for inﬂammatory and catabolic
molecules within the synovium of ACL-R animals that were so
highly up-regulated at 2 weeks post surgery had subsided and
were comparable to normal levels by 20 weeks post surgery.
Speciﬁcally, IL-1b and 6, as well as MMP 1, 2, 3, and 13 mRNA
expression levels appear to have returned to near normal values,
and IL-1b protein levels have also decreased, within the synovium
by 20 weeks post ACL-R surgery. As synovial MMP 13 protein
levels appear to remain comparable between then 2 and 20 week
time points, this presence of MMP 13 could be evidence that the
initial inﬂammatory response could have a lasting effect within
the joint.
Histological evaluation of inﬂammation in the experimental
synovium suggested the presence of a slight elevation in some
markers for inﬂammation (subintimal ﬁbrosis), however these
values appear to be ultimately comparable to normal levels, and are
maintained at the 20 week post surgical time point. It is possible
that our early time point of 2 weeks post ACL-R surgery has missed
the true acute inﬂammatory phase of the synovium, and our later
time point is still too early to detect potential chronic inﬂammation
in this model21. In this study, the synovium appears to react
molecularly to surgical trauma but apparently has the ability to
recover.
The up-regulation of synovial inﬂammatory and catabolic mol-
ecules reported in our study at 2 weeks post ACL-R surgery17 could
not only be directly impacting the joint environment, but could also
be an early indicative measure of similar dysregulation occurring in
these other relevant joint tissues. This ﬁnding was veriﬁed through
the examination of inﬂammatory, catabolic, and anabolic molecules
within the cartilage of the femoral condyles and tibial plateau. It
was shown that cartilage exhibited a molecular reaction to ACL-Rsurgery that was similar to that detected in the synovium at 2
weeks. Inﬂammatory, catabolic, and anabolic expression proﬁles
were signiﬁcantly altered in some cartilage samples. These signif-
icant changes in mRNA expression levels present at 2 weeks
appeared to have dissipated by the 20 week time point. However
the joint has not yet initiated repair as assessed at either the gross
or molecular levels.
There were several limitations to this study. Firstly, although the
autografted ACLs were ﬁxed in their anatomical positions and
healed, damage resulting from altered joint mechanics cannot be
ruled out. However, in another study of this model it was concluded
that kinematic alterations were likely not the sole driving force of
the osteoarthritic like changes25. O’Brien et al. focused on stiﬂe joint
kinematic motion in 6 degrees of freedommeasured at pre and post
surgical time points and found that although there were some
small differences in the gait of ACL-R animals at 20 weeks post
surgery, the majority of the gait cycle was similar to that pre-
surgery. Secondly, further studies are needed to investigate the
natural history of OA in this mechanically stable model. The
absence of sustained inﬂammation and joint instability may slowor
even prevent the progression of the knee joint toward more joint
degradation. While we know that mechanically unstable models do
progress by 20 weeks post surgery6, there is a need to study this
model over a longer period of time. Finally, the changes post-injury
we have detected are associations and do not directly address cause
and effect.
The present study supports conclusions derived from studies of
patient populations that suggest ACL reconstructive surgery may
not be ideal for all patients4,26. Although it is generally accepted
that mechanical joint instability leads to PTOA in both human27,28
and animal models29, returning stability to an ACL deﬁcient joint
via ACL reconstructive surgery does not necessarily prevent the
onset of PTOA30. Furthermore, mechanical stability can be restored
through conservative (non-surgical) treatment and may have su-
perior outcomes to surgery31. Some studies suggest that surgery
itself might either enhance or prolong the inﬂammatory/catabolic
response in the joint from the injury10.
In summary, the PTOA-like changes present within joints that
have undergone ACL-R by 2 weeks post surgery persist to 20
weeks post surgery. The early up-regulation of inﬂammatory and
catabolic factors has subsided to normal levels by 20 weeks. It
appears that in the absence of chronic joint instability, an initial
inﬂammatory phase may be responsible for the onset of early OA
in this animal model. Thus, there is a need to consider modifying
surgery associated inﬂammatory and catabolic responses while
balancing the well-known need for some inﬂammation to facili-
tate tissue repair.Author contributions
Heard BJ: Data collection, data analysis, manuscript writing.
Solbak N: Histological sectioning, histological grading and
analysis, manuscript writing.
Achari Y: Project management, Data analysis, manuscript
writing.
Chung M: Data collection e mRNA and protein analysis.
Hart D: Data analysis, manuscript writing.
Shrive NG: Experimental design, manuscript writing.
Frank CB: Experimental design, manuscript writing.Role of funding source
Role of Funding: The funding provided for these studies through
CIHR were used to for the purchase and upkeep of animals
throughout the course of the study. It also aided in the purchase of
B.J. Heard et al. / Osteoarthritis and Cartilage 21 (2013) 1942e19491948reagents required for RNA and protein analysis. Part of funding was
used for salary support for the technical staff.
Conﬂicts of interest
None to declare.
Acknowledgements
The authors gratefully acknowledge the ﬁnancial support pro-
vided for this study through research grants from the Canadian
Institutes For Health Research (MOP-9858 & IMH-120277) (CBF and
NGS) and Alberta Innovates Health Solutions Team Grant in Oste-
oarthritis ((1) 20080170 (2) 200700596) (CBF, DAH and NGS). BJH
was supported through a fellowship from Canadian Arthritis
Network. NGS is a Killam Memorial Professor and CBF is a McCaig
Professor at McCaig Institute for Bone and Joint Health. The authors
thank Leslie Jacques for excellent technical expertise.
Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.joca.2013.08.019.
References
1. Brophy RH, Wright RW, Matava MJ. Cost analysis of converting
from single-bundle to double-bundle anterior cruciate liga-
ment reconstruction. Am J Sports Med 2009;37:683e7.
2. Spindler KP, Parker RD, Andrish JT, Kaeding CC, Wright RW,
Marx RG, et al. Prognosis and predictors of ACL reconstructions
using the MOON cohort: a model for comparative effectiveness
studies. J Orthop Res 2012;31:2e9.
3. Asano H, Muneta T, Ikeda H, Yagishita K, Kurihara Y, Sekiya I.
Arthroscopic evaluation of the articular cartilage after anterior
cruciate ligament reconstruction: a short-term prospective
study of 105 patients. Arthroscopy 2004;20:474e81.
4. Lohmander LS, Ostenberg A, Englund M, Roos H. High preva-
lence of knee osteoarthritis, pain, and functional limitations in
female soccer players twelve years after anterior cruciate lig-
ament injury. Arthritis Rheum 2004;50:3145e52.
5. Seol D, McCabe DJ, Choe H, Zheng H, Yu Y, Jang K, et al.
Chondrogenic progenitor cells respond to cartilage injury.
Arthritis Rheum 2012;64:3626e37.
6. Frank CB, Beveridge JE, Huebner KD, Heard BJ, Tapper JE,
O’Brien EJ, et al. Complete ACL/MCL deﬁciency induces variable
degrees of instability in sheep with speciﬁc kinematic abnor-
malities correlating with degrees of early osteoarthritis.
J Orthop Res 2011;30:384e92.
7. Lotz MK, Kraus VB. New developments in osteoarthritis.
Posttraumatic osteoarthritis: pathogenesis and pharmacolog-
ical treatment options. Arthritis Res Ther 2010;12:211.
8. Sellam J, Berenbaum F. The role of synovitis in pathophysi-
ology and clinical symptoms of osteoarthritis. Nat Rev Rheu-
matol 2010;6:625e35.
9. Scanzello CR, Goldring SR. The role of synovitis in osteoar-
thritis pathogenesis. Bone 2012;51:249e57.
10. Lohmander LS, Englund PM, Dahl LL, Roos EM. The long-term
consequence of anterior cruciate ligament and meniscus in-
juries: osteoarthritis. Am J Sports Med 2007;35:1756e69.
11. Oehler S, Neureiter D, Meyer-Scholten C, Aigner T. Subtyping
of osteoarthritic synoviopathy. Clin Exp Rheumatol 2002;20:
633e40.
12. Wassilew GI, Lehnigk U, Duda GN, Taylor WR, Matziolis G,
Dynybil C. The expression of proinﬂammatory cytokines and
matrix metalloproteinases in the synovial membranes ofpatients with osteoarthritis compared with traumatic knee
disorders. Arthroscopy 2010;26:1096e104.
13. Piccinini AM, Midwood KS. DAMPening inﬂammation by
modulating TLR signalling. Mediators Inﬂamm 2010;2010.
14. Scanzello CR, Plaas A, Crow MK. Innate immune system acti-
vation in osteoarthritis: is osteoarthritis a chronic wound?
Curr Opin Rheumatol 2008;20:565e72.
15. Schinhan M, Gruber M, Vavken P, Dorotka R, Samouh L,
Chiari C, et al. Critical-size defect induces unicompartmental
osteoarthritis in a stable ovine knee. J Orthop Res 2012;30:
214e20.
16. Cake MA, Smith MM, Young AA, Smith SM, Ghosh P, Read RA.
Synovial pathology in an ovine model of osteoarthritis: effect
of intraarticular hyaluronan (Hyalgan). Clin Exp Rheumatol
2008;26:561e7.
17. Heard BJ, Achari Y, Chung M, Shrive NG, Frank CB. Early joint
tissue changes are highly correlated with a set of inﬂammatory
and degradative synovial biomarkers after ACL autograft and
its sham surgery in an ovine model. J Orthop Res 2011;29:
1185e92.
18. Drez Jr DJ, DeLee J, Holden JP, Arnoczky S, Noyes FR,
Roberts TS. Anterior cruciate ligament reconstruction using
bone-patellar tendon-bone allografts. A biological and
biomechanical evaluation in goats. Am J Sports Med 1991;19:
256e63.
19. Cummings JF, Grood ES, Levy MS, Korvick DL, Wyatt R,
Noyes FR. The effects of graft width and graft laxity on the
outcome of caprine anterior cruciate ligament reconstruction.
J Orthop Res 2002;20:338e45.
20. Adams ME, Billingham ME, Muir H. The glycosaminoglycans in
menisci in experimental and natural osteoarthritis. Arthritis
Rheum 1983;26:69e76.
21. Smith MM, Cake MA, Ghosh P, Schiavinato A, Read RA,
Little CB. Signiﬁcant synovial pathology in a meniscectomy
model of osteoarthritis: modiﬁcation by intra-articular
hyaluronan therapy. Rheumatology (Oxford) 2008;47:
1172e8.
22. Reno C, Marchuk L, Sciore P, Frank CB, Hart DA. Rapid isolation
of total RNA from small samples of hypocellular, dense con-
nective tissues. Biotechniques 1997;22:1082e6.
23. Rieu I, Powers SJ. Real-time quantitative RT-PCR: design, cal-
culations, and statistics. Plant Cell 2009;21:1031e3.
24. Wang JF, Olson ME, Reno CR, Wright JB, Hart DA. The pig as a
model for excisional skin wound healing: characterization of
the molecular and cellular biology, and bacteriology of the
healing process. Comp Med 2001;51:341e8.
25. O’Brien EJ, Beveridge JE, Huebner KD, Heard BJ, Tapper JE,
Shrive NG, et al. Osteoarthritis develops in the operated joint
of an ovine model following ACL reconstruction with imme-
diate anatomic reattachment of the native ACL. J Orthop Res
2012;31:35e43.
26. Ahn JH, Chang MJ, Lee YS, Koh KH, Park YS, Eun SS. Non-
operative treatment of ACL rupture with mild instability. Arch
Orthop Trauma Surg 2010;130:1001e6.
27. Butler RJ, Minick KI, Ferber R, Underwood F. Gait mechanics
after ACL reconstruction: implications for the early onset of
knee osteoarthritis. Br J Sports Med 2009;43:366e70.
28. Nelson F, Billinghurst RC, Pidoux I, Reiner A, Langworthy M,
McDermott M, et al. Early post-traumatic osteoarthritis-like
changes in human articular cartilage following rupture of the
anterior cruciate ligament. Osteoarthritis Cartilage 2006;14:
114e9.
29. Tashman S, Anderst W, Kolowich P, Havstad S, Arnoczky S.
Kinematics of the ACL-deﬁcient canine knee during gait: serial
changes over two years. J Orthop Res 2004;22:931e41.
B.J. Heard et al. / Osteoarthritis and Cartilage 21 (2013) 1942e1949 194930. Kessler MA, Behrend H, Henz S, Stutz G, Rukavina A, Kuster MS.
Function, osteoarthritis and activity after ACL-rupture: 11 years
follow-up results of conservative versus reconstructive treat-
ment. Knee Surg Sports Traumatol Arthrosc 2008;16:442e8.31. Myklebust G, Holm I, Maehlum S, Engebretsen L, Bahr R.
Clinical, functional, and radiologic outcome in team handball
players 6 to 11 years after anterior cruciate ligament injury: a
follow-up study. Am J Sports Med 2003;31:981e9.
